Selective autophagy is mediated by the interaction of autophagy modifiers and autophagy receptors that also bind to ubiquitinated cargo. Optineurin is an autophagy receptor that plays a role in the clearance of cytosolic Salmonella. The interaction between receptors and modifiers is often relatively weak, with typical values for the dissociation constant in the low micromolar range. The interaction of optineurin with autophagy modifiers is even weaker, but can be significantly enhanced through phosphorylation by the TBK1 {TANK [TRAF (tumour-necrosisfactor-receptor-associated factor)-associated nuclear factor κB activator]-binding kinase 1}. In the present study we describe the NMR and crystal structures of the autophagy modifier LC3B (microtubule-associated protein light chain 3 beta) in complex with the LC3 interaction region of optineurin either phosphorylated or bearing phospho-mimicking mutations.
INTRODUCTION
Autophagy is a process by which cells manage to deliver bulky cellular substrates, such as aggregates or damaged organelles, for degradation to the lysosome [1, 2] . Selectivity of the process is mediated by autophagy receptors that bind to cargo that is earmarked for degradation by modification with ubiquitin [3] [4] . Autophagy receptors also bind via a LIR [LC3 (microtubuleassociated protein light chain 3) interaction region] to autophagy modifiers that belong to the MAP1/LC3/GABARAP (γ -aminobutyric acid receptor-associated protein) family and that are conjugated to phosphatidylethanolamine of the autophagosome membrane [5] [6] [7] . LIR motifs are short peptides with the consensus sequence xx with being an aromatic amino acid, most often tryptophan, and being a large aliphatic hydrophobic amino acid. Both residues bind into deep hydrophobic pockets on the surface of autophagy modifiers [6] [7] [8] [9] [10] . Variation in the composition of the LIR sequences found in different proteins, and the apparent variation in the autophagic 'recognition code', raises the question how the specificity of LIR-Atg8/LC3/GABARAP interactions are achieved. This question is the subject of intense investigations, with a few completed studies on the selective interaction of the tryptophan-based [6] [7] [8] [9] , tyrosine-based [10] and non-canonical LIR sequences [11] . The later study showed that the LIR sequence in the xenophagy receptor NDP52 (nuclear domain 10 protein 52) comprises the sequence ILVV and lacks the aromatic residue (W/F/Y) found in the canonical LIRs. Instead, the NDP52 LIR motif binds a hydrophobic pocket on the Ubl domain of LC3C via three consecutive hydrophobic residues (LVV), with Ile 133 being dispensable for this interaction.
In a recent study, we have found another feature of LIR motifs affecting specificity [12] . We could show that the autophagy receptor OPTN (optineurin) is crucial for the clearance of cytosolic Salmonella bacteria. The study revealed that phosphorylation of Ser 177 located immediately N-terminal to the OPTN LIR motif by the TBK1 {TANK [TRAF (tumour-necrosis-factor-receptorassociated factor)-associated nuclear factor κB activator]-binding kinase 1} significantly enhanced the interaction with autophagy modifiers, whereas expression of a non-phosphorylatable mutant of OPTN impaired the clearance of cytosolic Salmonella [12] . Many native LIR sequences (Supplementary Figure  S1 at http://www.biochemj.org/bj/454/bj4540459add.htm; for a comprehensive overview see [13] ) of autophagy receptors are preceded by one or more serine residues, suggesting that phosphorylation might be a general mechanism of regulation of autophagy. To obtain insight into the mechanism of phosphorylation-triggered interaction between autophagy receptors and autophagy modifiers we performed extensive calorimetric and NMR studies of the interaction of LC3B and several mutants with the OPTN-LIR in various phosphorylation states.
Additionally we have solved the NMR structure of LC3B in complex with the phosphorylated LIR motif of OPTN and the crystal structures of LC3B free and in complex with a phosphomimicking LIR mutant.
EXPERIMENTAL Protein and peptides sample preparation
For the ITC (isothermal titration calorimetry) and NMR studies, the non-labelled and 13 C, 15 N-labelled LC3/GABARAP proteins and their mutants were obtained using Ub-fusion technology [14] based on protocols described previously [10, 14] . The 95 % pure peptides representing the OPTN-LIR motif with different degrees of phosphorylation as well as their mutated versions were purchased from GenScript. The peptides are summarized in Supplementary Figure S1 . Before the experiment, the proteins and peptides were equilibrated with a buffer containing 70 mM Na 2 HPO 4 and 30 mM NaCl (pH 6.8) and supplied with 5 mM protease inhibitors cocktail.
For X-ray crystallography, the fragment of residues 2-119 of human LC3B was amplified by PCR and inserted into a pGEX-4T-1 vector (GE Healthcare). The DNA fragment encoding OPTN-LIR (residues 170-181) in which five serine residues were substituted with glutamic acid was synthesized and inserted into the BamHI site of pGEX-4T-1/LC3B, and the linker region between GST and LC3B was changed from GSPEF to GG by site-directed mutagenesis. For T7-OPTN-LIR 5xSE -LC3B, OPTN-LIR 5xSE -LC3B was inserted into a pET28a vector. The proteins were expressed in Escherichia coli BL21(DE3) cells by inducing with 0.3 mM IPTG overnight at 16
• C, and purified using Glutathione Sepharose 4B (GE Healthcare) or Ni-NTA (Ni 2 + -nitrilotriacetate; Invitrogen) columns. After cleavage of the tags, proteins were further purified by gel filtration using a Superdex75 column. Crystallization conditions were first screened with an automated crystallization system [15] and further optimized manually. All crystals were grown by the sitting or hanging drop vapour-diffusion method at 20
• C. The LC3B protein was crystallized with 2.0 M ammonium sulfate, 0.1 M tri-sodium citrate (pH 5.6) and 0.2 M potassium sodium tartrate. T7-OPTN-LIR 5xSE -LC3B was crystallized with 2.0 M ammonium sulfate, 0.05 M tri-sodium citrate (pH 5.6), 0.1 M potassium sodium tartrate and 5 % glycerol, whereas for OPTN-LIR 5xSE -LC3B, 10 % PEG3350 was added instead of 5 % glycerol.
For GST pull down, GST fusion proteins were expressed in E. coli BL21 (DE3) cells in LB medium. Expression was induced by the addition of 0.5 mM IPTG and cells were incubated at 16
• C overnight. The cells were harvested and lysed using sonication, the cell debris was removed by centrifugation and the supernatant was subsequently applied to Glutathione-Sepharose 4B beads.
ITC
All titration experiments were performed at 25
• C using a VP-ITC microcalorimeter (MicroCal). The ITC data were analysed with the ITC-Origin 7.0 software with a 'one-site' fitting scheme. The peptides at concentrations of ∼0.3-0.9 mM were titrated into 0.02-0.04 mM LC3/GABARAP proteins. The concentrations of the LC3/ GABARAP proteins and W,Y-containing peptides like OPTN-LIR Phe 178 Trp were calculated from the UV absorption at 280 nm, phenylalanine-containing peptide concentrations were determined by phenylalanine absorption at 257.5 nm and verified by 1D-NMR spectroscopy. The titration schemes were adopted to have optimum precision and signal intensity at the given temperature. Usually 16-26 steps were used, proportional to the molar enthalpy values.
NMR spectroscopy
All structural NMR experiments were performed at 288 K on Bruker Avance spectrometers operating at proton frequencies of 500, 600, 700, 800 and 900 MHz. Spectra were analysed using the program Sparky (http://www.cgl.ucsf.edu/home/sparky/). Backbone and side-chain resonances for LC3B in complex with the OPTN-LIR P TOT peptide were assigned using [ 15 [16] and verified with a 3D 13 Cseparated NOESY-TROSY experiment optimized for aromatic CH groups. The proton resonance assignment for the nonlabelled OPTN-LIR P TOT peptide in complex with 13 C, 15 Nlabeled LC3B were achieved with a 2D F1,F2-13 C/ 15 N-filtered NOESY [17] using a mixing time of 180 ms. Structure calculation followed a standard protocol (for details see the Experimental section of the Supplementary Online data at http://www.biochemj.org/bj/454/bj4540459add.htm).
Titration experiments were performed at 298 K with a 0.15 mM 13 C, 15 N-LC3B protein sample to which non-labelled synthetic OPTN-LIR peptides with different phosphorylation patterns were added stepwise until saturation (5-15 times excess of the peptides proportionally to the K d value). The saturation was monitored by changes in the fingerprint region [10] X-ray data collection and structure determination Diffraction data were collected at beamlines BL-5A and AR-NW12A of the Photon Factory, KEK (Tsukuba, Japan) and BL41XU of SPring-8 (Harima, Japan) in a cryonitrogen gas stream [18] [19] [20] . The data were integrated with iMosflm [21] and scaled with Scala in the CCP4 Software Suite [22] . The structures were solved by molecular replacement method with MOLREP [23] with the LC3A structure (PDB code 3ECI) for LC3B, the LC3B structure (PDB code 3VTU) for T7-OPTN-LIR 5xSE -LC3B and the T7-OPTN-LIR 5xSE -LC3B structure (PDB code 3VTW) for OPTN-LIR 5xSE -LC3B (PDB code 3VTV) as search models. All models were refined by REFMAC5 [24] . Manual adjustment of the models was performed with COOT [25] . All structure figures were generated with PyMOL (http://www.pymol.org). 
GST pull down
For GST pull downs using cell lysates HEK (human embryonic kidney)-293T cells were transfected with expression constructs encoding the protein of interest using GeneJuice transfection reagent (Merck) according to manufacturer's instructions. At 24-48 h post-transfection cells were lysed in lysis buffer [50 mM Hepes (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 % Triton X-100 and 25 mM NaF] and the lysates incubated for 2-4 h with GST fusion protein-bound beads. Following 3 washes, the beads and precipitated proteins were eluted with 2×SDS/PAGE loading buffer, boiled and loaded on to 10 % SDS/PAGE gels for analysis. Alternatively, proteins were transcribed/translated using the TNT T7 coupled reticulocyte lysate system (Promega) according to the manufacturer's instructions.
RESULTS AND DISCUSSION

Interaction between LC3B and OPTN LIR peptides
In OPTN the residue (Phe 178 ) is directly preceded by Ser 177 with four more serine residues located further N-terminally (SSGSSEDSFVEI). Mass spectrometric analysis using the SILAC (stable isotope labelling with amino acids in cell culture) method revealed that OPTN with a single phosphate group on 
Ser
177 is the most abundant OPTN phosphopeptide, whereas peptides with up to three phosphoserines could be detected as well [12] . To characterize the importance of the individual phosphorylation sites we performed both NMR titrations as well as ITC experiments with peptides derived from the LIR motif of OPTN and LC3B. Phosphorylation of Ser 177 showed the largest decrease in the dissociation constant (from 67 μM of the non-phosphorylated peptide to 13 μM [12] ), whereas phosphorylation of the four additional serine residues added only a relatively small decrease (to 5 μM) [12] . The other singly phosphorylated peptides (P 02 to P 05 ) do bind more weakly than the peptide phosphorylated on Figure S3B) .
Table 1 Thermodynamic parameters of the LC3/GABARAP proteins interactions with diffrents OPTN LIR motifs
H, molar enthalpy of the interaction; S molar entropy of the interaction; − T × S, entropy contribution term; G, molar free (Gibbs) energy of interaction; N, number of binding sites upon interaction. N was fixed to 1 for the weak binders (no margins in the Table) . 
Structure of the LC3B-OPTN complex
To investigate the interaction between OPTN and LC3B we solved the crystal structure of the free protein and the crystal and the NMR structures of its complex with the LIR motif (structures are presented in Figure 2 and Supplementary Figures S4 and S5 at http://www.biochemj.org/bj/454/bj4540459add.htm; structural statistics are provided in Tables 2 and 3 ). LC3B exhibits the wellknown ubiquitin-like fold with two additional N-terminal helices, α1 and α2 (Supplementary Figure S4) . Interaction with the OPTN peptides does not change significantly the structure of LC3B (with an RMSD value between the backbone atoms of the free and complexed LC3B of 0.196 Å). The peptide forms a β-strand of the intermolecular β-sheet via direct interaction with the β-strand 2 of LC3B ( Figure 2B and Supplementary Figure S4) . It also inserts the two critical hydrophobic amino acids Phe 178 and Ile 181 into deep hydrophobic pockets on the LC3B surface (Supplementary Figure S4B) consistent with other autophagy modifier/LIR motif complex structures [6] [7] [8] [9] [10] Figure S6 at http://www.biochemj.org/bj/454/bj4540459add.htm).
Although phosphorylation of Ser 177 is the most important modification compared with phosphorylation of the other four serine residues near the LIR motif, we determined the NMR and the crystal structures with the penta-phosphorylated and penta serine-to-glutamic-acid substituted peptides (OPTN-LIR 5xSE ). *The crystal is multi-crystalline, several split diffraction spots were observed even in low resolution shell. Therefore, the overall R merge is relatively high.
Binding affinities and features of conformational exchange behaviour of all other phosphorylated/phosphomimicking forms of the OPTN-LIR peptide made detailed structural studies not possible. Whereas in the NMR titration experiments unphosphorylated peptide showed a fast exchange behaviour and the penta-phosphorylated P TOT peptide intermediate a slow exchange, experiments with the P 01 peptide suffered from severe line broadening owing to intermediate exchange. Likewise, the crystal structure had to be solved with the OPTN-LIR 5xSE fused to the N-terminus of LC3B (the electron density for the LIR 5xSE peptide is shown in Supplementary Figure S5 ). This fusion, however, did not influence the structure of the protein as can be seen by the low RMSD value between the free and complexed crystal structures as reported above. In the crystal the N-terminally fused LIR peptide of one molecule does not bind to its own LC3B fusion partner, but to the hydrophobic pockets of a second LC3B molecule ( Figure 2C ).
In agreement with the identification of Ser 177 as the dominant phosphorylation site regulating interaction with LC3B, both the NMR and the crystal structures showed only the phosphorylated Ser 177 or Glu 177 to be ordered. In the crystal structure with the OPTN-LIR 5xSE peptide the side chain of Arg 11 flips inward to make a hydrogen bond with the side-chain oxygen of Glu 177 at a distance of 2.7 Å ( Figure 2D ). This is consistent with the geometry seen in the NMR structure (Figure 2A) , and the observation that the NH ε proton of Arg 11 , which cannot be detected in the free state of the protein, is visible in the spectrum of the complex argues for a crucial role of Arg 11 in sensing the phosphorylation status of OPTN LIR. Consequently, GST-pull down assays using LC3B wild-type or an Arg 11 to alanine residue mutant showed only a minor effect on the association of non-phosphorylated fulllength OPTN, however, a strong decrease in binding of phosphomimetic OPTN 5xSE protein could be observed (Supplementary Figure S7 at http://www.biochemj.org/bj/454/bj4540459add. htm). These data were confirmed by ITC experiments that revealed no significant change in the K d value between the mutant and wildtype protein with the non-phosphorylated peptide, but an increase in K d from 5 μM to 22 μM with the P TOT peptide.
Binding of the Arg 11 side chain to the negative charge on the OPTN LIR motif causes additional intramolecular effects within the hydrogen-bonding network of LC3B. The movement of the Arg 11 side chain towards the peptide brings it closer to the side chain of Asp 19 as well. The effect on Asp 19 is consistent with the observation of selective chemical shift perturbations in the titration experiments with phosphorylated peptides. In addition, Arg 16 showed selective chemical shift perturbations. The side chain of this residue contacts the backbone of Arg 11 and is thus also part of this hydrogen-bonding network. In addition to Arg 11 , Lys 51 interacts with the OPTN LIR peptide. Whereas the positive charge of the side chain interacts with the phosphate of Ser 177 , the hydrophobic part of its side chain contributes to the formation of hydrophobic pocket HP1 (Figures 2 and 3) . Therefore, mutating this invariant Lys 51 to an alanine residue significantly weakens the affinity to even the P TOT peptide (K d = 30 μM; Table 1 ).
The structural data of the present study explain how LC3B recognizes phosphorylated OPTN and how the interaction with the phosphate group also affects the intramolecular hydrogenbonding network, resulting in an enhanced affinity. These changes in the hydrogen-bonding network can also explain why the sidechain NH ε of Arg 10 and Arg 70 become visible upon interaction with phosphorylated peptides despite the fact that they do not directly contact the phosphate groups or other parts of the peptides. Comparison of the crystal structures of the free LC3B and its complex suggest that both arginine residues form stronger intramolecular hydrogen bonds in the complex. The increased compactness and stronger hydrogen bond formation can also be seen from 1 H/ 2 H amide proton-exchange experiments ( Figures 3A  and 3B ). Upon complex formation with the phosphorylated P TOT peptide several regions of LC3B exchange significantly slower than in the free protein state. This is particularly obvious for amide protons located in helix 2 at the very N-terminus.
Mutational analysis of the LC3B-OPTN interaction
The LIR motif of OTN differs from other autophagy receptors by the replacement of the usual tryptophan residue with the smaller aromatic residue phenylalanine. Detailed investigations of the binding of LIR motifs to the autophagy receptor GABARAPL-1 had shown that the replacement of tryptophan, as it occurs in p62, with a tyrosine residue, as it is present in NBR1 [next to BRCA1 (breast cancer 1, early onset) gene 1 protein], significantly reduces the binding affinity by decreasing the binding enthalpy [10] . We expected that mutating the phenylalanine residue in the LIR motif of OPTN to a tryptophan residue would increase the binding affinity, potentially to a level similar to the affinity reached by phosphorylation. NMR and ITC experiments with the phenylalanine-to-tryptophan mutated and non-phosphorylated LIR motif indeed showed an 8-fold decrease in the dissociation constant from 65 μM to 8 μM (Figure 4 and Table 1 , and Supplementary Figure S8 at http://www.biochemj.org/bj/454/bj4540459add.htm). This result suggests that the replacement of the canonical tryptophan residue with a smaller aromatic amino acid such as phenylalanine is necessary to make the system switchable by phosphorylation. Mutating Phe 178 to a tryptophan residue in the context of the The two left-hand plots show the residues forming the hydrophobic pocket in the stick model of the LC3B-OPTN-LIR P TOT complex alone and in superimposition with the LC3B-p62 complex. The middle plot represents the superimposition of the LC3B complexes viewed in a different direction. The right-hand plot shows that the backbone structure and orientation are not affected by changing the phenylalanine residue to tryptophan. The same colour code as in (A) is used. (C) Pull-down assays with the wild-type OPTN LIR motif and different mutants. The interaction between LC3B and the Phe 178 Trp mutant is stronger than with the wild-type and can be further enhanced by mutating all five serine residues to glutamic acid. The pull-down experiments on the left-hand side show control experiments with GST.
phosphomimicking OPTN-LIR 5xSE protein increased the binding affinity even more (Figure 4 ) to K d = 1.3 μM. Even stronger submicromolar interactions can be measured with LC3A and GABARAPL1 proteins (Table 1) . Whereas the mutation of phenylalanine to a tryptophan residue increases the binding affinity by a significantly more favourable enthalpy, the binding entropy is reduced at the same time. This mutant also shows a different dynamic behaviour in NMR titration experiments. While even the P TOT peptide which has a higher binding affinity still shows intermediate-to-slow exchange, the Phe 178 Trp mutant is in slow exchange ( Figure 3C ). Interestingly, binding of the tryptophan mutant in the context of the phosphomimicking OPTN-LIR 5xSE is mainly driven by entropy, showing similarity to penta-phosphorylated OPTN-LIR.
Analysis of the complete ITC data set shows that in contrast to the enthalpy driven interaction between LC3B and the prototypical p62 LIR motif with significantly unfavourable entropic contribution, interactions of all OPTN-LIR variants to Schematic model of selective autophagy. LC3 modifiers (Atg8/LC3/GABARAP proteins) are covalently modified with phosphatidylethanolamine and cover the surface of autophagophore membranes. They can be packed close together to form a 2D-like array of oligomers. Autophagy receptors, possessing oligomerization domains of several types, frequently function as oligomeric complexes. Receptors also contain ubiquitin (Ub)-binding domains of different types and the LIR motif(s). Cargo is shown as a particle decorated by ubiquitin chains (anchored spheres)which frequently undergo oligomerization (aggregation). Oligomerization of receptors via polyubiquitinated cargo is possible as well, for example in aggrephagy, xenophagy, etc., but the cargo can be also targeted directly by multiple copies of the receptors on surface, like in mitophagy. The core interactions, either between LC3 modifiers and LIR within receptors or between ubiquitin moiety on the cargo and the receptor's ubiquitin-binding domain, remain rather weak (low micromolar level for short LIR peptides as measured by ITC and NMR reported in the present paper and earlier [2, 10, 12] ). Oligomerization enhances the apparent affinity of these interactions by local concentration effect and facilitates completeness of the autophagy process. The affinity of these core interactions can be increased by post-translational modifications, for example phosphorylation as shown in the present study.
ATG8/LC3/GABARAP proteins are supported by a favourable entropic contribution ( Figure 3D ). It will be very interesting to correlate this observation with internal flexibility of the free LC3 proteins and their complexes, but this requires separate studies involving protein dynamic investigations on different timescales.
The fact that Nature has not created such a high-affinity interaction suggests that in general the interaction between autophagy modifiers and autophagy receptors is targeted for a modest affinity of approximately 1 μM. A binding affinity in this range prevents significant interaction between isolated proteins at low cellular concentrations, but allows to reach higher affinities through avidity effects created by receptor dimerization, as observed for the classical autophagy receptors p62 and NBR1, and/or clustering of modifiers on the autophagosomal membrane ( Figure 5 ).
Many autophagy receptors contain negatively charged residues directly N-terminal to their core LIR motif. In the structure of the complex of LC3B with the LIR motif of p62, Arg Figure S6) . Negatively charged amino acids are also conserved in non-autophagy receptor proteins that bind to MAP1 LC3 family members such as calreticulin, NSF (vesicle-fusing ATPase) or Atg32 (autophagy-related protein 32), showing that negative charges in this region play a crucial role for binding. Other autophagy receptors such as Nix (NIP3-like protein X) contain a high number of serine residues, which makes it possible that their interaction with autophagy modifiers can be regulated by phosphorylation as well. Recently [26] , it was shown that the serine residues 17 and 24 flanking the Bnip3-LIR (Bnip3 is BCL2/adenovirus E1B 19kDa interacting protein 3) motif with Trp 18 as the aromatic residue (Supplementary Figure S1) , also undergoes phosphorylation in vivo and this phosphorylation plays an important role in induction of mitophagy by enhancing the interaction between Bnip3 and specific ATG8/LC3/GABARAP modifiers (LC3B and GABARAPL2).
The structural and biophysical characterization shown here demonstrates how phosphorylation can play a significant role in regulating autophagy. [2] . Restraints for the backbone torsion angles φ and ψ were generated on the basis of the chemical shift values with the program TALOS + [3] . Structure calculations were performed with the program CYANA [4] using seven cycles of combined automated NOE assignment [5] and structure calculation by torsion angle dynamics [6] . Each structure calculation was started from 100 conformers with random torsion angle values, and the standard CYANA simulated annealing schedule was applied with 10 000 torsion angle dynamics steps. The 20 conformers with the lowest final CYANA target function values were embedded in an 8 Å shell of explicit water molecules and subjected to restrained energy refinement against the AMBER force field [7] using the program OPALp [8, 9] . The 20 energy-refined conformers that represent the solution structure have been deposited in the PDB under the accession code 2LUE. The chemical shift assignments have been deposited in the BioMagResBank (BMRB) database under the accession code 18518. GST pull-down assays using full-length wild-type (WT) or the phospho-mimetic penta-mutant of OPTN (5E) and analysis of their binding to LC3B wild-type or the LC3B R 11 A mutant. Mutation of Arg 11 to an alanine residue has little effect on the affinity of wild-type OPTN, but significantly reduces the affinity of OPTN 5xSE to LC3B.
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Figure S8 ITC of the LC3B with the OPTN-LIR Phe 178 Trp peptide
The titration profile (upper panel) and fitted molar enthalpy development (lower panel) are shown in comparison with the OPTN-LIR P 00 and OPTN-LIR P TOT titration experiments (smaller windows, taken from [11] ).
